In Brief
Diverse animal embryos achieve synchronized hatching within a clutch mainly for mass migration, but social cues used for this purpose are often unclear. Endo et al. show that in a stink bug, a single pulsed vibration generated when an embryo cracks open its eggshell serves as a cue for later-hatching siblings to synchronize hatching.
SUMMARY
Egg clutches of many animals hatch synchronously due to parental control [1, 2] or environmental stimulation [3, 4] . In contrast, in some animals, embryos actively synchronize their hatching timing with their siblings to facilitate adaptive behavior in sibling groups, such as mass migration [5, 6] . These embryos require synchronization cues that are detectable from eggs and indicative of when the siblings hatch, such as pre-hatching vocalizations in birds and crocodiles [7, 8] . Previous studies, using methods including artificial presentation of non-specific mechanical stimuli, demonstrated that vibrations or other mechanical forces caused by sibling movements are cues used by some turtles and insects [9] [10] [11] [12] [13] . However, there is no evidence about which movements of tiny embryos or hatchlings, among multiple possibilities, can generate mechanical cues actually detectable through eggs. Here, we show that embryos of the brown marmorated stink bug, Halyomorpha halys, synchronize hatching by responding to single pulsed vibrations generated when siblings crack open their eggshells. An eggcracking vibration seems to be transmitted to distant eggs within a clutch while still maintaining its function as a cue, thus leading to the highly synchronized hatching pattern previously reported [14] . In this species, it is possible that embryos attempt to hatch with short lags after earlier-hatched siblings to avoid egg cannibalism by them [14] . The present study illustrates the diversity of social-information use by animal embryos for success in the sibling group.
RESULTS AND DISCUSSION
The Type of Hatching Cue We first examined whether embryos of Halyomorpha halys synchronize hatching by responding to mechanical cues that are transmitted from their siblings. In several stink bugs of Pentatomidae (Heteroptera), including H. halys, previous studies have proposed that the use of these types of cues facilitate synchronized hatching of an egg clutch, which is laid on a plant surface, typically on a leaf [14] [15] [16] . In Pentatomidae, eggs in a clutch are attached to each other with hardened maternal secretions [17] , and therefore vibrations or other mechanical forces exerted by siblings can probably spread to nearby eggs.
To determine the type of synchronization cue(s), we paired H. halys eggs (almost spherical in shape, approximately 1.4 mm in diameter when viewed from the top) originating from the same clutch (typically containing 28 eggs) and fixed them on a piece of drawing paper in various arrangements ( Figure 1A ) and then examined whether one egg could synchronize hatching with the other egg. As a baseline for comparison, we used pairs of adjacent eggs that remained naturally attached (group I), i.e., miniature egg clutches. In these pairs, 15 min after the hatching of the first egg, the hatching rate of the second egg exceeded 90%. From this result, synchronized hatching in a pair of eggs was defined using the criterion that the second egg hatched within 15 min after the first egg hatched. Synchronized hatching was also observed in more than 90% of pairs of separate eggs artificially attached to each other (group II, Figure 1A ). Because the proportion of synchronized hatching was not significantly different between these two groups, it seems that the cue is conveyed between two eggs that were attached artificially at least as well as between those attached naturally. In pairs of separate eggs that were separated by a distance of 1 mm (group III) and in pairs of separate eggs that were individually fixed on two pieces of paper and isolated from each other to interrupt the cue transmission (group IV), the proportion of synchronized hatching was significantly and markedly lower than the proportions of groups I and II ( Figure 1A ). If the cue were either an airborne sound or a volatile chemical(s), the proportion of group III would have not been much different from the proportions of groups I and II. Therefore, the cue seems not to be transmitted through the air but rather by the attachment between eggs, and this implicates vibrations or other mechanical forces as potential cues. Because the proportion of synchronized hatching was slightly but significantly higher in group III than in group IV, even if the eggs are not attached to each other, the cue is probably conveyed through the egg substrate (drawing paper in the present experiments), although only to a small extent. Thus, it is likely that the synchronization cue is vibration produced by an embryo or a hatched nymph, but not other mechanical forces.
However, it remained possible that airborne stimuli were more attenuated in group III than in groups I and II due to the longer distance between the two eggs in the former. If vibrations transmitted from one egg stimulate hatching of the other, the synchronization will be facilitated when the transmission is enhanced.
To examine this possibility, we observed hatching in pairs of separate eggs that originated from the same clutch and were fixed on a piece of drawing paper at a distance of 1 mm from each other without or with a bridge (a small piece of mechanical pencil lead) between the eggs (group V and VI, respectively) ( Figure 1B) . The proportion of synchronized hatching was significantly higher in group VI. This indicates that in clutches of H. halys, vibrations are transmitted from embryos or hatched nymphs to unhatched embryos and are used as cues to synchronize hatching. Based on the above results, transmission of the vibrational cues slightly depends on the egg substrate but highly depends on the attachment between eggs, at least when eggs are laid on drawing paper.
Vibration Generated by Eggshell Cracking
All eggs in a clutch of H. halys complete embryonic development in 5-6 days and, even without the synchronization cues, hatch within 4 hr at 25 C [14] . In this species, it is probable that hatching is synchronized as follows: earlier-hatching eggs among a clutch generate a specific vibrational cue during the hatching behavior, and this cue immediately induces hatching of laterhatching eggs at a stage shortly before spontaneous hatching. We hypothesize that the vibrational cue is generated by cracking open of the eggshell. Eggshell cracking by siblings has been regarded as one of the possible movements that generates vibrational or acoustic cues for synchronizing hatching in some turtles and insects [10, 12, 14, 18] . In the present study, we used pairs of adjacent eggs that remained attached and were fixed on a piece of drawing paper and recorded the vibration transmitted from the first-hatched egg to the adjacent egg when the shell of the former cracked, using a laser Doppler vibrometer (Figure 2A ).
In our observation on hatching in pairs of adjacent eggs that remained attached, the eggs always opened along a circular hatching line where an operculum joined the body of the eggshell. To open the egg, the embryo repeatedly pushed a T-shaped structure (egg burster) located on the middle of the forehead against the operculum, a process which could be observed through the operculum as tiny movements from the dorsal to ventral side. Eventually, the egg cracked vigorously at a small part of the hatching line with which the egg burster had had contact, which resulted in a slit on the egg surface (Video S1). We analyzed displacement of embryos inside the eggs using video tracking of the compound eyes and detected a sharp movement in the first-hatched egg at the moment of cracking and also in the adjacent egg in a very synchronous manner (n = 3) (Figures 2B, S1A, and S1B; Video S1). This implies that a certain vibration was generated by the egg cracking and was conveyed to the adjacent egg. After the egg cracking, the nymph wriggled out of the egg while extending the slit toward both sides. Cracking of the first-hatched egg was immediately followed by cracking of the adjacent one, with an interval of 110 ± 48 s (mean ± SD, n = 18). Because the first-hatched nymph always remained inside the egg during this interval, it is not possible that movements of fully emerged nymphs generate the vibrational cues.
We recorded a single pulsed vibration that was transmitted to the adjacent unhatched egg at the moment when the firsthatched egg cracked ( Figures 2C and S1C ). The vibration generated by egg cracking had a short duration of 3.0 ± 0.4 ms (mean ± SD, n = 8) with a peak-to-peak amplitude of 60.0 ± 21.3 mm/s (mean ± SD). Spectral analyses revealed that the vibration typically had, compared to the background noise, a broad frequency range from approximately 100 Hz to more than 10 kHz (Figures 2D-2F and S1D). A dominant frequency peak mostly lay in high frequencies of more than 5 kHz ( Figures  2D and 2F ). Some peaks also existed at lower frequencies between 100-400 Hz ( Figures 2D and 2E) ; such peaks were usually not distinctive and were sometimes absent ( Figure 2F ). In one recording, there were two dominant peaks at 112 Hz and 18.7 kHz ( Figure 2E ). Within the frequency range of more than 5 kHz, the mean peak frequency (±SD) was 15.4 ± 7.8 kHz.
Embryonic Responses to Vibration Playback
Next, we conducted a playback experiment to examine whether embryos at a stage slightly before spontaneous hatching respond to an egg-cracking vibration. The experiment was performed as follows: 26-28 separate eggs originating from the same clutch were individually fixed on cover glasses, which enable efficient vibration transmission from a vibration exciter ( Figure S2 ). Hatching of the eggs was checked every 10 min. When two or more eggs had started hatching, we presumed that the other unhatched eggs were at a stage slightly before spontaneous hatching. Within the next 10 min, the following procedures were conducted: four unhatched eggs individually fixed on the cover glasses were placed on a vibration exciter and exposed to playback of one of four vibration recordings, i.e., two recordings of egg-cracking vibrations and two corresponding recordings of background noise ( Figure 3A ). Then, in the same way, each of the other three recordings was individually played back to four eggs. Four egg clutches were used for this experiment, and therefore each of the four recordings was individually played back to 16 eggs in total. The two recordings of an egg-cracking vibration induced hatching within 15 min significantly more frequently than did the corresponding background-noise recording ( Figure 3B ). Within 15 min, more than 60% of eggs hatched in the groups exposed to an egg-cracking vibration, whereas only a small portion of eggs (6.3% and 18.8%) hatched in the groups exposed to background noise. Accordingly, we conclude that, in clutches of H. halys, a single vibration caused by cracking in the earlier-hatching eggs induces other eggs to hatch immediately; hatching of these eggs generates additional cues.
Because of this successive hatching and cue generation, hatching of the entire clutch is synchronized.
Transmission Efficiency of the Cue
In H. halys, a whole clutch shows a highly synchronized, explosive hatching pattern (Video S2), and this may be because a hatching cue is conveyed from one egg to adjacent (directly attached) eggs and also to distant (indirectly attached) eggs via some intervening eggs [14] . Regarding this possibility, we examined how far a hatching cue can be conveyed between two eggs, via intervening eggs, and still maintain its function as a cue. We grouped two living eggs and zero, one, two, or three freeze-killed eggs originating from the same clutch and fixed them on a piece of drawing paper in a line such that the latter were sandwiched between the former (Figure 4 ). Then, in each egg set, we examined whether hatching of the pair of living eggs was synchronized, i.e., occurred within 15 min. Besides the above four types of egg sets, we prepared pairs of eggs that were separately fixed on two pieces of paper and isolated from each other as a control.
Hatching was synchronized in pairs of eggs significantly more frequently when transmission of the hatching cue passed through one to three killed eggs than when the eggs were isolated ( Figure 4 ). Furthermore, the frequency of synchronized hatching did not differ significantly among pairs of eggs in which the cue transmission was direct or passed through one to three killed eggs. Together with the above findings about the vibrational cue for hatching, these results indicate that the vibration can be transmitted through at least three eggs in contact in a line between adjacent ones and retain its function as a cue. Although eggs are not always arranged in such a manner in clutches of H. halys, we consider that an egg-cracking vibration is conveyed from one egg to distant ones and is used to synchronize hatching.
Mechanism and Significance of Responses to Vibrations
Some animals have evolved so that embryos achieve hatching synchronization by responding to sibling cues for reasons such as facilitating ensuing mass migration [5, 6] or taking advantage of sibling competition for resources [19] . The synchronization is facilitated through developmental adjustment [7, [18] [19] [20] [21] , immediate hatching [9] [10] [11] , or both [13, 22] . Potentially, the siblingcued immediate hatching produces more synchronized hatching patterns. The present study revealed that the highly synchronized hatching pattern in H. halys is promoted by immediate hatching responses to vibrational cues generated by cracking of the earlier-hatched eggs. The egg cracking is a vigorous process, and the generated vibration is transmitted to and detected by many other embryos within a clutch, which also causes the highly synchronized pattern. Transmission efficiency of vibrational cues or signals deeply depends on substrate material [23] [24] [25] . Hard eggshells of H. halys, which are tightly attached to each other, may not attenuate the egg-cracking vibration much. Although how insect embryos detect vibrations is unknown, it is possible that embryos of H. halys respond to egg-cracking vibrations through the same vibration-detection pathway that is used in adults. Adults of Pentatomidae have various vibration receptors; physiological properties have been suggested for some of them, including receptor organs located on the legs and antennae and hair sensilla on the body [26, 27] . These receptors seem to have sensitivities to vibrations with low frequencies, no more than 1 kHz, and to be required for sexual communication using plant-or airborne vibrational signals with frequencies in this range [26] [27] [28] [29] . Also, in H. halys, the same low-frequency vi-brations constitute some known communication signals [30] and therefore can probably be detected at least in the adult stage. Thus, it is probable that embryos of H. halys respond to low-frequency components of the egg-cracking vibrations, although we cannot exclude the possibility of their responses to the high-frequency components. In subsocial bugs of related families, the embryos evidently respond to low-frequency vibrations: they hatch immediately in response to a maternal vibration, and this is reproduced by presenting artificial vibrations of several tens of Hz [31, 32] . In H. halys, low-frequency components of the egg-cracking vibrations from 100-400 Hz may facilitate the embryonic responses.
Vibration-cued hatching has been much studied in the case of cues generated by egg predators. In some frog species, such as the red-eyed tree frog, Agalychnis callidryas, premature embryos hatch soon after receiving substrate-borne vibrations generated by snake predators, thereby escaping from them [4, 33] . It is known that in A. callidryas, embryos avoid hatching prematurely when they receive vibrations from harmless sources like wind and rain by responding only to specific frequency properties and temporal patterns involved in snake vibrations [34] [35] [36] . Embryos of H. halys should also discriminate among vibrations to successfully synchronize hatching. In general, plant-dwelling animals detect vibrations generated by wind or rain, which predominantly contain rather low-frequency components below 100 Hz [36] [37] [38] . Compared to such vibrations, the egg-cracking vibrations are likely to have different frequency properties, and this, as well as their extremely short durations, may contribute to the discrimination.
Hatching synchronization in H. halys seems not to have evolved to promote migration together with siblings, because nymphs of Pentatomidae do not move away from the natal egg clutch for several days after hatching [39] . In some insects, siblings in the same clutch have a special form of a predator-prey relationship: earlier-hatched individuals cannibalize sibling eggs, which are immobile and easy prey that provide valuable nutrient supplements [40] . Nymphs of H. halys also cannibalize unhatched eggs, if any remain in their clutch [14] . Moreover, A B p p the cannibalism starts at a very early stage after hatching. Although all viable eggs have usually hatched by then because of the highly synchronized hatching, it is presumed that, without hatching synchronization, embryos might fail to hatch before cannibalism starts and therefore might be killed (J.E. and H.N., unpublished data). Therefore, in this species, hatching synchronization allows embryos to avoid egg cannibalism by siblings. The embryos use vibrational information from siblings just as frogs like A. callidryas use that from heterospecific egg predators [4, 33] . Thus, in H. halys, embryonic responses to social information are essential for early success. The egg-cracking vibration may be the only or first available information, or it may be more detectable and/or discriminable than other information.
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Figure 4. Proportion of Synchronized Hatching in Two Living Halyomorpha halys Eggs Separated by Freeze-Killed Eggs
Living and killed eggs originated from the same clutch and were fixed on a piece of drawing paper (15 3 15 mm). Synchronized hatching was defined as both living eggs hatching within 15 min. Two living eggs that sandwiched zero (I), one (II), two (III), or three (IV) killed eggs, and two living eggs that were isolated from each other on different pieces of paper (V) were used. Different letters above the bars indicate significant differences (p < 0.05, Fisher's exact test with Holm's correction for multiple tests). n indicates the number of pairs tested. See also Video S2.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Adult males and females of H. halys were collected from the field in Kyoto and Hyogo Prefectures, Japan, in 2014, 2016, and 2017. These adults and their offspring were used to obtain egg clutches. Adults and nymphs were fed peanuts and soybeans at 25 ± 2 C under 16-hr light and 8-hr darkness. Pieces of drawing paper were provided as oviposition substrates.
Egg clutches laid within 24 hr were collected and kept in the same temperature and light conditions. Within 2 days before hatching, eggs were detached from the clutches with a razor blade and forceps to produce separate eggs or pairs of adjacent eggs that remained attached. Then, these detached eggs were fixed on pieces of drawing paper (15 3 15 mm) or cover glasses (15 3 15 mm, 0.13-0.16 mm thickness). Starch glue was used to attach eggs to these substrates or to other eggs. Eggs were kept at 25 ± 2 C under constant light throughout the experiments. The sex of embryos inside the eggs was not determined by keeping them until adult eclosion, because the highly synchronized hatching is the phenomenon observed in a whole clutch including both male and female embryos [14] , and therefore embryonic responses to hatching cues should not be affected by the sex.
METHOD DETAILS
Tests for the Type of Hatching Cue Eggs originating from the same clutch were paired and variously treated in two experiments (see The Type of Hatching Cue). The first experiment included four treatments, as shown in Figure 1A . Eighteen clutches were used, and three or four pairs were produced from each clutch for each of the four treatments. The second experiment included two treatments, as shown in Figure 1B . In one of the treatments, a bridge was constructed between a pair of separate eggs. A piece of mechanical pencil lead (0.3 mm diameter, HRF3G-20-B; Pilot) cut into 4 mm length pieces was used for the bridge and attached to the sides of the two eggs using starch glue. Eight clutches were used, and six or seven pairs were produced from each clutch for each of the two treatments. Pieces of drawing paper carrying egg(s) were individually placed in a clear plastic case (36 3 36 3 14 mm), and hatching was recorded every 5 min from the top view by a digital camera (P310; Nikon).
Vibration Recording and Analysis
A pair of two adjacent eggs that remained attached were fixed on a piece of drawing paper; one was targeted for vibration recording and the recording was attempted if the non-target egg hatched first, transmitting a vibration caused by cracking of its eggshell. Egg vibrations were detected using a laser Doppler vibrometer (LV-1720A; Ono Sokki) with its laser beam directed at the target egg (Figure 2A) . Vibrations with frequencies above 20 kHz were filtered using a low-pass filter because preliminary recording indicated no conspicuous peaks in this frequency range. Laser reflection was enhanced by a small piece of reflective tape (1 3 1 mm) . The distance between the reflective tape and sensor head of the vibrometer was approximately 200 mm. Output signals from the vibrometer were sent to a computer using data acquisition hardware (LAN-XI type 3160-A-042; Brü el & Kjaer) and monitored in real time using PULSE Labshop (ver. 18 voltages on the data acquisition hardware. At the same time, the hatching behavior was observed and recorded from the top view using a digital video camera (HDR-CX630V; Sony) attached to a binocular stereomicroscope (M651; Leica Microsystems) ( Figure 2A ). Eighteen pairs from five egg clutches were observed until hatching for the recording trials, and recordings were successfully obtained in eight of them. The recordings converted to WAV and TXT file format were prepared and the former was used to analyze the durations of the vibrations with PRAAT (ver. 6.0.22; [41] ) and the latter to obtain the peak amplitudes of velocities (m/s, zero-to-peak). To analyze spectral characteristics of the recorded vibrations, power spectra were computed using PULSE Labshop by applying fast Fourier transform (Hanning window, 12.8 kHz bandwith, 1600 lines). Recordings used here were 0.1 s segments that included each vibration caused by egg cracking. Power spectra were also obtained for background noise that was recorded from target eggs within 75 min before hatching of the first-hatched eggs and used as controls for the playback experiment. Recordings from eggs containing freshly killed embryos (n = 2) showed that the power spectra of these eggs were very similar to those of background noise.
Video Analysis
The video data obtained simultaneously during the vibration recording were analyzed to measure displacement of both embryos at the moment when the first-hatched egg cracked. Six-s video sequences at 30 frames/s containing the moment were used and, for each embryo, movement of one side of the compound eyes was tracked in the x axis direction using Photron FASTCAM Analysis (ver.1.2.1.1; Photron). Changes in distances from the start position in the video sequences were determined as the displacement.
Playback Experiment
Two vibration recordings were converted to uncompressed WAV file format and trimmed to 1 s segments containing the eggcracking vibrations, using SASLab Pro (ver. 5.0.23; Avisoft Bioacoustics). In addition, two corresponding recordings of background noise were edited in the same way for control files. Signals of the edited files were sent from a computer to a vibration exciter (type 4809, 10Hz-20kHz frequency rage; Brü el & Kjaer) using PULSE Labshop and LAN-XI with its signal generating function. The exciter was connected to a power amplifier (type 2718; Brü el & Kjaer) and equipped with a flat steel plate (50 3 50 mm, 2.3 mm thickness) by a screw (5 mm diameter, 8 mm length) as a position to place eggs individually fixed on cover glasses (the distance between an egg and the center of the plate was approximately 16 mm). Vibration transmission through the cover glasses used for egg substrates was tested by generating white noise with frequencies below 12.8 kHz using PULSE Labshop. The noise vibrations were detected at the steel plate or at a cover glass placed on the steel plate (n = 3) using LV-1720A. Power spectra of the recorded noise vibrations were obtained using the 120 ms segments by the same method as described above. Outputs of playback signals from the exciter were adjusted as follows: for the egg-cracking vibration, the peak-to-peak amplitude was matched to the mean peak-to-peak amplitude of the recorded vibrations. For the background noise, the peak amplitude was matched to the background level of the eggcracking vibration that was played.
The playback experiment was performed as described in Embryonic Responses to Vibration Playback. On the cover glasses that were used for egg substrates, a piece of polychloroprene tape (5 3 5 mm, 5 mm thickness) had been attached for convenience of gripping. Before eggs were placed on the exciter for playback, they were separately placed on pieces of polyurethane tape (15 3 15 mm, 10 mm thickness). This procedure ensured that egg-cracking vibrations would not spread from some eggs to others. Soon after playback on the exciter, the eggs were placed back on the pieces of the tape, and then hatching was recorded every 5 min from the top view using a digital camera (P310).
Tests for Transmission Efficiency of the Cue
Eggs originating from the same clutches were grouped and treated in five ways as shown in Figure 4 (see Transmission Efficiency of the Cue). Freeze-killing was performed at À15 C for 15-30 min immediately after the egg detachment procedure. Ten clutches were used, and one or two egg groups were produced from each clutch for each of the five treatments. Pieces of drawing paper carrying egg(s) were individually placed in a clear plastic case (36 3 36 3 14 mm), and hatching was recorded every 5 min from the top view using a digital camera (P310).
QUANTIFICATION AND STATISTICAL ANALYSIS
The proportions of synchronized hatching in two eggs or the percentages of eggs that hatched in response to vibrational playback were compared using Fisher's exact test in R (ver. 3.3.2; [42] ) with the fmsb package. Where multiple comparison analysis was conducted, Holm's correction was applied to adjust P-values, as described in figure legends. A significance threshold was set at p < 0.05. See figures and figure legends for the statistical details.
